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Abstract
Introducing the fermionic R-operator and solutions of the inverse scattering prob-
lem for local fermion operators, we derive a multiple integral representation for zero-
temperature correlation functions of a one-dimensional interacting spinless fermion model.
Correlation functions particularly considered are the one-particle Green’s function and
the density-density correlation function both for any interaction strength and for arbi-
trary particle densities. In particular for the free fermion model, our formulae reproduce
the known exact results. Form factors of local fermion operators are also calculated for a
finite system.
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1 Introduction
The evaluation of correlation functions has been one of the challenging problems in research
on quantum many-body systems in one-dimension, since most of the intriguing phenomena
induced by underlying strong quantum fluctuations are theoretically described through cor-
relation functions. In these systems, it is widely known that the existence of models which
are solvable by means of Bethe ansatz (see [1, 2] for example). Though the exact compu-
tation of correlation functions, of course, is still tremendously difficult even in such models,
several analytical methods have been recently developed to derive manageable expressions
for correlation functions, especially in the spin-1/2 Heisenberg XXZ chain.
In 1990s, correlation functions of the spin-1/2 XXZ chain at zero temperature and for
zero magnetic field have been expressed as multiple integral forms derived by the q-vertex
operator approach [3–5]. An alternative method combining the algebraic Bethe ansatz with
∗E-mail: motegi@gokutan.c.u-tokyo.ac.jp
†E-mail: sakai@gokutan.c.u-tokyo.ac.jp
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solutions to the quantum inverse problem has been provided for the XXZ chain in arbitrary
magnetic fields [6–8] (see also [9] for a recent review). This method can be generalized to the
finite-temperature and/or the time-dependent correlation functions [10–14].
In general, one-dimensional (1D) quantum spin systems are mapped to 1D fermion sys-
tems through the Jordan-Wigner transformation. For the spin-1/2 XXZ chain, the corre-
sponding system is a spinless fermion model with the nearest neighbor hopping and interac-
tion. In the thermodynamic limit, the bulk quantities in the XXZ chain are exactly the same
as those in the spinless fermion model. Namely, in the 1D quantum systems, the difference of
the statistics between the spin and the fermion does not show up, as long as we concentrate
on their bulk quantities.
The situation, however, is radically changed when the quantities accompanying a change
of the number of particles are considered. For instance, let us consider the (equal-time) one-
particle Green’s function 〈c1c
†
m+1〉 for the spinless fermion model and the transverse spin-spin
correlation function 〈σ+1 σ
−
m+1〉 for the XXZ chain, which are intuitively the same. In fact,
due to the difference of the statistics, or equivalently the nonlocality of the Jordan-Wigner
transformation, both the correlation functions exhibit completely different behavior. For
instance, one observes an oscillatory behavior for the one-particle Green’s function (referred
to as the kF-oscillation, where kF is the Fermi momentum), which is peculiar to the fermion
systems. In contrast, for the transverse spin-spin correlation function, such an oscillatory
behavior does not appear1.
As mentioned above, exact expressions for the correlation functions of the XXZ chain have
already been proposed in the form of multiple integral representations. Unfortunately, once
the Jordan-Wigner transformation is performed and the XXZ chain is considered instead
of the spinless fermion model, it is difficult to trace the difference of the statistics in the
framework of multiple integral representations. Namely, to derive a manageable expression
of correlation functions for the spinless fermion model, we must directly treat the fermion
system from the very beginning.
In this paper, introducing the fermionic R-operator [15] which acts on the fermion Fock
space, we directly treat the spinless fermion model without mapping to the XXZ chain.
Combining the method provided in the XXZ chain [7] with solutions to the inverse scatter-
ing problem of local fermion operators [16], we derive a multiple integral representing the
equal-time one-particle Green’s function and the density-density correlation function at zero
temperature both for any interaction strengths and for arbitrary particle densities. Our for-
mulae reproduce the known results for the free fermion model. In addition to the correlation
functions, we also compute form factors for local fermion operators, which might be useful
for systematic evaluations of the spectral functions for the spinless fermion model.
This paper is organized as follows. In the subsequent section, we introduce the fermionic
R-operator and the transfer operator constructed by the R-operator. Then we briefly review
the algebraic Bethe ansatz for the spinless fermion model. The scalar product of a Bethe state
with an arbitrary state is presented in section 3. Combining solutions of the inverse scattering
problem with the scalar product, we compute form factors of local fermion operators. Multiple
integral representations for correlation functions are derived in section 4. In section 5, using
the multiple integral representations, we explicitly evaluate correlation functions for the free
1In fact, there could exist an oscillatory behavior in the transverse spin-spin correlation function, which,
however, can be eliminated by a gauge transformation.
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fermion model. Section 6 is devoted to a brief conclusion.
2 Spinless fermion model
The Hamiltonian of the spinless fermion model on a periodic lattice with M sites is defined
as
H = H0 − µc
M∑
j=1
(
1
2
− nj
)
,
H0 = t
M∑
j=1
{
c†jcj+1 + c
†
j+1cj + 2∆
((
1
2
− nj
)(
1
2
− nj+1
)
−
1
4
)}
, (2.1)
where c†j and cj are the fermionic creation and annihilation operators at the jth site, respec-
tively, satisfying the canonical anti-commutation relations
{cj , ck} = {c
†
j , c
†
k} = 0, {c
†
j , ck} = δjk. (2.2)
Here t and ∆ are real constants characterizing the nature of the ground state, and µc denotes
the chemical potential coupling to the density operator nj = c
†
jcj . By use of the Jordan-
Wigner transformation
cj = exp
[
ipi
j−1∑
k=1
nk
]
σ+j , c
†
j = exp
[
−ipi
j−1∑
k=1
nk
]
σ−j , nj =
1
2
(1− σzj ), (2.3)
the spinless fermion model (2.1) can be mapped to the spin-1/2 XXZ chain with an external
magnetic field h:
HXXZ = J
M∑
j=1
{
σ+j σ
−
j+1 + σ
+
j+1σ
−
j +
∆
2
(σzjσ
z
j+1 − 1)
}
−
h
2
M∑
j=1
σzj , (2.4)
where we have changed the variables t and µc in (2.1) as t→ J and µc → h.
The difference between the spinless fermion model and the corresponding XXZ chain lies
only in the difference of boundary conditions. Therefore, in the thermodynamic limit, the
quantities without accompanying a change of the number of particles such as the density-
density correlation function 〈n1nm+1〉 are exactly the same as those such as a longitudinal
spin-spin correlation function 〈(1 − σz1)(1 − σ
z
m+1)〉/4 for the XXZ chain. As mentioned
in the preceding section, however, the quantities changing the number of particles such as
the one-particle Green’s function 〈c1c
†
m+1〉 exhibit completely different behavior from those
such as the transverse spin-spin correlation function 〈σ+1 σ
−
m+1〉, due to the nonlocality of the
Jordan-Wigner transformation (2.3). Though the exact expression of 〈σ+1 σ
−
m+1〉 for the XXZ
chain has already been presented in [7], it is difficult to convert it to the expression for the
spinless fermion model, as long as we concentrate on the XXZ chain (2.4). Namely we should
treat the original spinless fermion model without mapping to the XXZ chain. In this section,
introducing the fermionic R-operator [15], we directly consider the spinless fermion model
(2.1).
3
The fermionic R-operator is defined by
R12(λ) = 1− n1 − n2 +
shλ
sh(λ+ η)
(n1 + n2 − 2n1n2) +
sh η
sh(λ+ η)
(c†1c2 + c
†
2c1), (2.5)
which acts on V1⊗s V2. Here Vj is a two-dimensional fermion Fock space whose normalized
orthogonal basis is given by |0〉j and |1〉j := c
†
j |0〉j , where cj |0〉j = 0 and ⊗s denotes the super
tensor product. Note that this fermionic R-operator satisfies the Yang-Baxter equation [15]:
R12(λ1 − λ2)R13(λ1)R23(λ2) = R23(λ2)R13(λ1)R12(λ1 − λ2). (2.6)
Identifying one of the two fermionic Fock spaces with the quantum space Hm, we define the
L-operator at the mth site by
Lm(λ) = Ram(λ− ξm), (2.7)
where ξm are inhomogeneous parameters assumed to be arbitrary complex numbers. The
fermionic monodromy operator is then constructed as a product of the L-operators:
T (λ) = LM (λ) · · ·L2(λ)L1(λ) = A(λ)(1 − na) +B(λ)ca + c
†
aC(λ) +D(λ)na. (2.8)
Thanks to the Yang-Baxter equation (2.6), the fermionic transfer operator defined by
T (λ) = straT (λ) = a〈0|T (λ)|0〉a − a〈1|T (λ)|1〉a = A(λ)−D(λ), (2.9)
constitutes a commuting family: [T (λ),T (µ)] = 0, where the dual fermion Fock space is
spanned by a〈0| and a〈1| with a〈1| := a〈0|ca and a〈0|c
†
a = 0.
The Hamiltonian of the spinless fermion model H0 (2.1) can be expressed as the logarith-
mic derivative of the fermionic transfer operator T (λ) in the homogeneous limit ξm → η/2:
H0 = t sh(η)
∂
∂λ
ln T (λ)
∣∣∣∣
λ=ξm=
η
2
, ∆ = ch η. (2.10)
Due to the Yang-Baxter equation (2.6), one immediately sees that the following relation is
valid for arbitrary spectral parameters λ1 and λ2:
R12(λ1 − λ2)T1(λ1)T2(λ2) = T2(λ2)T1(λ1)R12(λ1 − λ2). (2.11)
This leads to the commutation relations among the operators A(λ), B(λ), C(λ) and D(λ)
constructing the monodromy operator (2.8). Let us explicitly write down some of these
relations, which we will use later:
B(µ)B(λ) = B(λ)B(µ), C(µ)C(λ) = C(λ)C(µ),
A(µ)B(λ) = f(λ, µ)B(λ)A(µ)− g(λ, µ)B(µ)A(λ),
D(µ)B(λ) = −f(µ, λ)B(λ)D(µ) + g(µ, λ)B(µ)D(λ),
C(µ)A(λ) = f(µ, λ)A(λ)C(µ)− g(µ, λ)A(µ)C(λ),
C(µ)D(λ) = −f(λ, µ)D(λ)C(µ) + g(λ, µ)D(µ)C(λ),
C(µ)B(λ) +B(λ)C(µ) = g(λ, µ)(D(λ)A(µ) −D(µ)A(λ)), (2.12)
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where
f(λ, µ) =
sh(λ− µ+ η)
sh(λ− µ)
, g(λ, µ) =
sh η
sh(λ− µ)
. (2.13)
Let |Ω〉 be the vacuum state for the system (2.1). Obviously |Ω〉 is an eigenstate of the
transfer operator T (µ):
T (µ)|Ω〉 = (a(µ)− d(µ))|Ω〉, a(µ) = 1, d(µ) =
M∏
m=1
f−1(µ, ξm). (2.14)
A general N -particle state |ψ〉 can be constructed by a multiple action of B(λ) on |Ω〉 as
|ψ〉 =
N∏
j=1
B(λj)|Ω〉. N = 0, 1, . . . ,M. (2.15)
Utilizing commutation relations in (2.12), one finds that the state (2.15) becomes an eigen-
state of T (µ), if the complex parameters {λj} satisfy the Bethe ansatz equation;
(−1)N+1 =
d(λj)
a(λj)
N∏
k=1
k 6=j
f(λj , λk)
f(λk, λj)
=
M∏
m=1
sh(λj − ξm)
sh(λj − ξm + η)
N∏
k=1
k 6=j
sh(λj − λk + η)
sh(λj − λk − η)
. (2.16)
Then the corresponding eigenvalue τ(µ) (i.e. T (µ)|ψ〉 = τ(µ)|ψ〉) is given by
τ(µ) = a(µ)
N∏
j=1
f(λj, µ) + (−1)
N+1d(µ)
N∏
j=1
f(µ, λj). (2.17)
Note that the existence of an extra factor (−1)N+1 in (2.16) and (2.17) reflects the fermionic
structure of the system, which does not appear for the XXZ chain (2.4). The relation (2.10)
leads to the explicit expression of the energy spectrum per site e0 of the spinless fermion
model:
e0 =
1
M
N∑
j=1
t sh2 η
sh(λj +
η
2 ) sh(λj −
η
2 )
− µc
(
1
2
−
N
M
)
. (2.18)
In the thermodynamic limit, whereM →∞, N →∞, and N/M is a constant determined
by a function of the chemical potential µc, the Bethe ansatz equation (2.16) characterizing
the ground state reduces to the following linear integral equation for the distribution function
of the Bethe roots:
−2piiρtot(λ) +
∫
C
K(λ− µ)ρtot(µ)dµ = t
(
λ,
η
2
)
. (2.19)
In the above, the integral kernel K(λ) and the function t(λ, µ) are respectively defined by
K(λ) =
sh 2η
sh(λ+ η) sh(λ− η)
, t(λ, µ) =
sh η
sh(λ− µ) sh(λ− µ+ η)
. (2.20)
The integration contour C = [−Λµc ,Λµc ] is given by ε(±Λµc) = 0, where ε(λ) is the dressed
energy satisfying the following linear integral equation:
−2piiε(λ) +
∫
C
K(λ− µ)ε(µ)dµ = t sh(η)t
(
λ,
η
2
)
+ µc. (2.21)
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Namely, for −1 < ∆ ≤ 1 (η = −iζ, ζ > 0), the contour C is defined by an interval on the real
axis. In particular, at µc → 0, Λµc → ∞. On the other hand, for ∆ > 1 (η < 0), the Bethe
roots are distributed on the imaginary axis. In particular, at µc = 0, Λµc = −pii/2. Then the
energy density (2.18) explicitly reads
e0 = t sh(η)
∫
C
t
(
λ,
η
2
)
ρtot(λ)dλ− µc
(
1
2
− 〈nj〉
)
=
∫
C
t
(
λ,
η
2
)
ε(λ)dλ−
µc
2
, (2.22)
where 〈nj〉 is the particle density given by
〈nj〉 =
∫
C
ρtot(λ)dλ. (2.23)
Note that the above expression of the ground state energy (2.22), the distribution function
(2.19) and the dressed energy (2.21) are exactly the same as those for the XXZ chain [1, 2].
For later convenience, let us define the inhomogeneous distribution function ρ(λ, ξ) [7] as
the solution of the integral equation:
−2piiρ(λ, ξ) +
∫
C
K(λ− µ)ρ(µ, ξ)dµ = t(λ, ξ). (2.24)
Correspondingly, the inhomogeneous total distribution function ρtot(λ, {ξ}) is defined by
ρtot(λ, {ξ}) =
1
M
M∑
m=1
ρ(λ, ξm), (2.25)
which reduces to ρtot(λ) (2.19), when one takes the homogeneous limit ξm → η/2.
In particular, at zero chemical potential µc = 0 (corresponding to the half filling case
〈nj〉 = 1/2), one has
ρ(λ, ξ) =

1
2ζ ch pi
ζ
(λ+ η
2
−ξ)
for |∆| < 1, ζ = iη
i
2pi
∑∞
n=−∞
e2n(λ+
η
2−ξ)
ch(nη) =
i
2pi
∏∞
n=1
(
1−q2n
1+q2n
)2 ϑ3(i(λ+ η2−ξ),q)
ϑ4(i(λ+
η
2
−ξ),q)
for ∆ > 1, q = eη
,
(2.26)
where ϑn(λ, q) is the Jacobi theta function.
3 Scalar products and form factors
3.1 Scalar Products
Our main aim is to evaluate the correlation function of the spinless fermion model (2.1):
〈O†1Om+1〉 =
〈ψg|O
†
1Om+1|ψg〉
〈ψg|ψg〉
, (3.1)
where |ψg〉 is the ground state constructed by substituting an appropriate solution {λ} of the
Bethe ansatz equation (2.16) into (2.15), and 〈ψg| is the dual state: 〈ψg| = 〈Ω|
∏N
j=1C(λj). In
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this paper we concentrate on the one-particle Green’s function (Oj = cj , c
†
j) and the density-
density correlation function (Oj = nj). Here and in what follows, we consider the “inhomo-
geneous” model (2.8) for convenience. The correlation functions of the original Hamiltonian
(2.1) or (2.10) can be obtained by taking the homogeneous limit ξm → η/2.
To apply the algebraic Bethe ansatz to the computation of (3.1), we must express local
fermionic operators in terms of elements of the monodromy operators (2.8). In fact, such an
expression has already been obtained by solving the quantum inverse scattering problem for
local fermion operators [16].
Theorem 3.1 [16] For the inhomogeneous spinless fermion model (2.8) with arbitrary in-
homogeneous parameters ξm (m = 1, . . .M), the local fermionic operators acting on the jth
space can be expressed in terms of the elements of the fermionic monodromy operator as
c†j =
j−1∏
k=1
T (ξk)B(ξj)
j∏
k=1
T −1(ξk), cj =
j−1∏
k=1
T (ξk)C(ξj)
j∏
k=1
T −1(ξk),
nj = −
j−1∏
k=1
T (ξk)D(ξj)
j∏
k=1
T −1(ξk), 1 =
M∏
k=1
T (ξk). (3.2)
To proceed the evaluation by use of the theorem 3.1, one needs to calculate the action
of the operators A, B, C and D on an arbitrary state 〈ψ| = 〈Ω|
∏N
j=1C(λj), where {λ} is a
set of arbitrary complex numbers (not necessary the Bethe roots). After simple but tedious
computation utilizing (2.12), one obtains
〈Ω|
N∏
j=1
C(λj)A(λN+1) =
N+1∑
b=1
a(λb)
∏N
j=1 sh(λj − λb + η)∏N+1
j=1
j 6=b
sh(λj − λb)
〈Ω|
N+1∏
j=1
j 6=b
C(λj),
〈Ω|
N∏
j=1
C(λj)D(λN+1) =(−1)
N
N+1∑
a=1
d(λa)
∏N
j=1 sh(λa − λj + η)∏N+1
j=1
j 6=a
sh(λa − λj)
〈Ω|
N+1∏
j=1
j 6=a
C(λj),
〈Ω|
N∏
j=1
C(λj)B(λN+1) =(−1)
N−1
N+1∑
a=1
d(λa)
∏N
k=1 sh(λa − λk + η)∏N+1
k=1
k 6=a
sh(λa − λk)
×
N+1∑
a′=1
a′ 6=a
a(λa′)
sh(λN+1 − λa′ + η)
∏N+1
j=1
j 6=a
sh(λj − λa′ + η)∏N+1
j=1
j 6=a,a′
sh(λj − λa′)
〈Ω|
N+1∏
j=1
j 6=a,a′
C(λj). (3.3)
Note that the extra sign factors (−1)N and (−1)N+1 appearing in the last two relations
reflect the fermionic nature of the system (cf. (3.7) and (3.8) in [7]). Finally the action of
the operator C(λ) is free.
In the above, one distinguishes the terms containing a(λN+1) or d(λN+1) and the others,
which are referred to as the direct and indirect terms, respectively. Due to the existence
of indirect terms, the explicit form of the scalar product 〈Ω|
∏N
j=1C(µj)
∏N
j=1B(λj)|Ω〉 is
required to compute the expectation value (3.1), where {λj}
N
j=1 are solutions of the Bethe
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ansatz equation and {µj}
N
j=1 are arbitrary complex numbers. This can be explicitly evaluated
in the same way as in [1, 17]. The difference between the present system and the XXZ chain
stems from the difference of the commutation relations (2.12). Here we write down only the
result.
Proposition 3.1 The scalar product between a Bethe state and an arbitrary state
SN ({µ}|{λ}) = 〈Ω|
N∏
j=1
C(µj)
N∏
j=1
B(λj)|Ω〉 (3.4)
can be expressed as follows:
SN({µ}|{λ}) = SN ({λ}|{µ}) = (−1)
N(N−1)
2
∏N
a,b=1 sh(λa − µb + η)∏N
a<b sh(λa − λb) sh(µb − µa)
detNΨ({µ}|{λ}),
(3.5)
where {λj}
N
j=1 are Bethe roots, {µj}
N
j=1 are arbitrary complex parameters. The N×N matrix
Ψ({µ}|{λ}) is defined by
Ψjk({µ}|{λ}) = t(λj , µk)− (−1)
N+1d(µk)t(µk, λj)
N∏
a=1
sh(µk − λa + η)
sh(µk − λa − η)
, (3.6)
and detN denotes the determinant of an N ×N matrix.
Reflecting the fermion statistics, the extra factor (−1)N+1 enters into the above expression.
This factor, however, is eliminated by that in the Bethe ansatz equation (2.16), when one
takes the limit {µ} → {λ}, which gives the square of the norm of the Bethe vector:
SN({λ}|{λ}) = (−1)
N(N−1)
2 shN (η)
N∏
a,b=1
a6=b
sh(λa − λb + η)
sh(λa − λb)
detNΦ({λ}), (3.7)
where
Φjk({λ}) = δjk
[
d′(λj)
d(λj)
−
N∑
a=1
K(λj − λa)
]
+K(λj − λk). (3.8)
Set {µ} = {ξ1, . . . , ξn} ∪ {λn+1, . . . , λN} in (3.5). Then the ratio of the determinants of
Ψ and Φ can be evaluated in the thermodynamic limit:
detNΨ
detNΦ
=
n∏
a=1
(Mρtot(λa, {ξ}))
−1detnρ(λj , ξk), (3.9)
where ρ(λ, ξ) and ρtot(λ, {ξ}) are defined as (2.24) and (2.25), respectively.
3.2 Form factors
Utilizing the scalar product obtained in the preceding subsection, we derive determinant
representations of the form factors for a finite system. These formulae might be useful in
calculating the spectral functions of the present model.
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The form factors of the local fermion operators are defined by
F−N (m|{µ}|{λ}) = 〈Ω|
N+1∏
j=1
C(µj)c
†
m
N∏
k=1
B(λk)|Ω〉,
F+N (m|{λ}|{µ}) = 〈Ω|
N∏
k=1
C(λk)cm
N+1∏
j=1
B(µj)|Ω〉,
F zN (m|{µ}|{λ}) = 〈Ω|
N∏
j=1
C(µj)(1− 2nm)
N∏
k=1
B(λk)|Ω〉, (3.10)
where {λk}
N
k=1 and {µj}
N+1
j=1 (or {µj}
N
j=1) are solutions of the Bethe ansatz equation (2.16).
To evaluate them, first we substitute solutions of the quantum inverse scattering problem for
local fermion operators (3.2) into the above expressions. For instance, F zN (m|{µ}|{λ}) can
be written as
F zN (m|{µ}|{λ}) = 2〈Ω|
N∏
j=1
C(µj)
m−1∏
l=1
T (ξl)A(ξm)
M∏
l=m+1
T (ξl)
N∏
k=1
B(λk)|Ω〉 − SN ({µ}|{λ}).
(3.11)
Then, noting that the states
∏
B(λk)|Ω〉 and 〈Ω|
∏
C(µj) are the Bethe states, we remove the
products of the transfer matrices by (2.17). Finally applying the determinant representation
of the scalar product (3.5), and using a simple identity
∏N
j=1
∏M
k=1 f(λj , ξk) = 1 derived
by the Bethe ansatz equation (2.16), we obtain the determinant representations of the form
factors. They are summarized into the following proposition.
Proposition 3.2 The form factors F−N (m|{µ}|{λ}) and F
+
N (m|{λ}|{µ}) for local fermion
operators c†m and cm are respectively given by the following determinant representations:
F−N (m|{µ}|{λ}) =(−1)
N(N+1)
2
φN+1m−1({µ})
φNm−1({λ})
∏N+1
j=1 sh(µj − ξm + η)∏N
k=1 sh(λk − ξm + η)
×
detN+1H
−(m|{µ}|{λ})∏N+1
j<k sh(µk − µj)
∏N
α<β sh(λα − λβ)
,
F+N (m|{λ}|{µ}) =
φNm({λ})φ
N
m−1({λ})
φN+1m−1({µ})φ
N+1
m ({µ})
F−N (m|{µ}|{λ}), (3.12)
where the coefficient φNm({λ}) is
φNm({λ}) =
N∏
j=1
m∏
k=1
f(λj , ξk), (3.13)
and the (N + 1)× (N + 1) matrix H−(m|{µ}|{λ}) is defined by
H−jk =
sh η
sh(µj − λk)
N+1∏
a=1
a6=j
sh(µa − λk + η)− (−1)
Nd(λk)
N+1∏
a=1
a6=j
sh(µa − λk − η)
 for k ≤ N,
H−jN+1 = t(µj, ξm). (3.14)
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On the other hand, the form factor F zN (m|{µ}|{λ}) for the operator 1− 2nm is given by
F zN (m|{µ}|{λ}) =(−1)
N(N−1)
2
φNm−1({µ})
φNm−1({λ})
N∏
j=1
sh(µj − ξm + η)
sh(λj − ξm + η)
×
detN (H({µ}|{λ}}) − 2P (m|{µ}|{λ}))∏N
j<k[sh(λj − λk) sh(µk − µj)]
, (3.15)
where H({µ}|{λ}) is an N ×N matrix defined as
Hjk =
sh η
sh(µj − λk)
∏
a6=j
sh(µa − λk + η)− (−1)
N+1d(λk)
∏
a6=j
sh(µa − λk − η)
 , (3.16)
and P (m|{µ}|{λ}) is an N ×N matrix of rank one,
Pjk(m) = t(µj, ξm)
N∏
a=1
sh(λa − λk + η). (3.17)
Here we have set a(λ) = 1. Note that, in the derivation of F zN (m|{µ}|{λ}), we have used the
orthogonality of the Bethe vectors, and the formula that the determinant of the sum of an
arbitrary N ×N matrix A and an N ×N matrix of rank one B can be given by
det(A+ B) = detA+
N∑
l=1
detA(l), A
(l)
jk =
{
Ajk for k 6= l
Bjk for k = l
. (3.18)
Comparing the form factor for the local spin operator of the third component σzm in the
XXZ chain [18], one finds that the extra factor (−1)N+1 appears in (3.16). This factor, how-
ever, is canceled by that in the Bethe ansatz equation (2.16). Hence, in the thermodynamic
limit where the distribution of the Bethe roots (2.26) characterizing the ground state is the
same as that of the XXZ chain, F zN (m|{µ}|{λ}) (3.15) coincides with the form factor of the
σzm for the XXZ chain
2. In contrast to this, for the form factor F±N (m|{µ}|{λ}) (3.12), the
factor (−1)N in (3.14) can not be eliminated by the Bethe ansatz equation (2.16). Namely,
compared with the form factors of the σ±m for the XXZ chain, the extra minus sign remains
in (3.14). This essential difference caused by the statistics between the fermion and the spin
induces the different behavior of the correlation functions 〈c1c
†
m+1〉 and 〈σ
+
1 σ
−
m+1〉.
4 Multiple integral representations for correlation functions
In this section, we derive multiple integrals representing the one-particle Green’s function
and the density-density correlation function. Inserting the expression of the local fermion
operators c†j and cj (3.2) into (3.1), one obtains
〈c1c
†
m+1〉 =
〈ψg|C(ξ1)
∏m
a=2(A−D)(ξa)B(ξm+1)
∏m+1
b=1 (A−D)
−1(ξb)|ψg〉
〈ψg|ψg〉
. (4.1)
2Note that the overall factor (−1)N(N−1)/2 in (3.15) and (3.12) can be eliminated by the normalization of
the Bethe vector (see (3.7)).
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Note that 〈c†1cm+1〉 = −〈c1c
†
m+1〉.
Following [7], for the density-density correlation function, we conveniently introduce an
operator Q1,m as Q1,m =
∑m
k=1 nk and consider the expectation value of the generating
function exp(βQ1,m) (β ∈ C):
〈exp(βQ1,m)〉 =
〈ψg|
∏m
a=1(A− e
βD)(ξa)
∏m
b=1(A−D)
−1(ξb)|ψg〉
〈ψg|ψg〉
. (4.2)
Then the density-density correlation can be expressed as
〈n1nm+1〉 =
1
2
D2m
∂2
∂β2
〈exp(βQ1,m)〉
∣∣∣
β=0
, (4.3)
whereDm denotes the lattice derivative defined byDmf(m) = f(m+1)−f(m) and D
2
mf(m) =
f(m + 1) − 2f(m) + f(m − 1). In fact, there exist several manners to express the density-
density correlation by the generating function [7]. For instance, 〈n1nm+1〉 is also written by
using 〈exp(βQ1,m)nm+1〉 as
〈n1nm+1〉 = Dm−1
∂
∂β
〈exp(βQ1,m)nm+1〉
∣∣∣
β=0
,
〈exp(βQ1,m)nm+1〉 = −
〈ψg|
∏m
a=1(A− e
βD)(ξa)D(ξm+1)
∏m+1
b=1 (A−D)
−1(ξb)|ψg〉
〈ψg|ψg〉
. (4.4)
To evaluate the correlation functions (4.1)–(4.4), we must calculate the multiple action of
(A − eβD)(x) on an arbitrary state 〈ψ| = 〈Ω|
∏N
j=1C(λj), where {λ} are arbitrary complex
numbers. Utilizing the commutation relations among A, D and C (2.12), one finds that the
action on a general state can be written as
〈ψ|
m∏
a=1
(A− eβD)(xa)
=
p∑
n=0
∑
{λ}={λ+}∪{λ−}
{x}={x+}∪{x−}
|λ+|=|x+|=n
Rn({x
+}|{x−}|{λ+}|{λ−})〈Ω|
n∏
a=1
C(x+a )
N−n∏
b=1
C(λ−b ), (4.5)
where |λ+|, |x+|, etc denote the number of elements of {λ+}, {x+}, etc; p = min(m,N).
Proposition 4.1 The coefficient Rn({x
+}|{x−}|{λ+}|{λ−}) in (4.5) is given by
Rn({x
+}|{x−}|{λ+}|{λ−}) =Sn({x
+}|{λ+}|{λ−})
m−n∏
a=1
[
a(x−a )
n∏
b=1
f(x+b , x
−
a )
N−n∏
b=1
f(λ−b , x
−
a )
− eβd(x−a )
n∏
b=1
{−f(x−a , x
+
b )}
N−n∏
b=1
{−f(x−a , λ
−
b )}
]
, (4.6)
where the highest coefficient is expressed as
Sn({x
+}|{λ+}|{λ−}) =
∏n
a,b=1 sh(x
+
a − λ
+
b + η)∏n
a<b
[
sh(λ+b − λ
+
a ) sh(x
+
a − x
+
b )
]detnMjk (4.7)
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with
Mjk =a(λ
+
j )t(x
+
k , λ
+
j )
N−n∏
a=1
f(λ−a , λ
+
j )
+ eβd(λ+j )t(λ
+
j , x
+
k )
N−n∏
a=1
{−f(λ+j , λ
−
a )}
n∏
b=1
{
−
sh(λ+j − x
+
b + η)
sh(λ+j − x
+
b − η)
}
. (4.8)
The proof is completely parallel to that in the XXZ chain [7]. The difference of the expression
stems from the difference of the commutation relation of C andD, which reflects the fermionic
nature of the present system.
If 〈ψ| is a Bethe vector (or equivalently the eigenstate of the transfer operator (2.9)), one
further has the following expression which is directly applicable to the computation of the
generating function (4.2).
Corollary 4.1 If 〈ψ| = 〈Ω|
∏N
j=1C(λj) is a Bethe vector, namely if {λ} are the solutions
to the Bethe ansatz equation (2.16), the coefficient Rn({ξ
+}|{ξ−}|{λ+}|{λ−}) of the action∏m
a=1(A− e
βD)(ξa) is given by
Rn({ξ
+}|{ξ−}|{λ+}|{λ−}) = S˜n({ξ
+}|{λ+})
×
n∏
a=1
m−n∏
b=1
f(ξ+a , ξ
−
b )
N−n∏
a=1
m−n∏
b=1
f(λ−a , ξ
−
b )
N−n∏
a=1
n∏
b=1
f(λ−a , λ
+
b ), (4.9)
where
S˜n({ξ
+}|{λ+}) =
∏n
a,b=1 sh(ξ
+
a − λ
+
b + η)∏n
a<b
[
sh(λ+b − λ
+
a ) sh(ξ
+
a − ξ
+
b )
]detnM˜jk. (4.10)
Here the n× n matrix M˜ is defined as
M˜jk = t(ξ
+
k , λ
+
j ) + e
βt(λ+j , ξ
+
k )
n∏
a=1
[
sh(λ+a − λ
+
j + η)
sh(λ+j − λ
+
a + η)
sh(λ+j − ξ
+
a + η)
sh(ξ+a − λ
+
j + η)
]
. (4.11)
Note that here we have set a(λ) = 1 and d(ξa) = 0, and used the fact that the parameters
{λ} satisfy the Bethe ansatz equation (2.16).
Now we would like to compute the correlation functions. First let us consider the generat-
ing function (4.2) of the density-density correlation 〈n1nm+1〉. Noting that |ψg〉 is the Bethe
vector characterizing the ground state, one finds that the numerator in (4.2) can be expressed
by 〈ψg|
∏m
a=1(A − e
βD)(ξa)|ψg〉/
∏m
a=1 τ(ξa), where τ(λ) is the corresponding eigenvalue of
the transfer matrix (see (2.17)). Then from Corollary 4.1, Proposition 3.1 and the norm of
the Bethe vector (3.7), the generating function (4.2) is given by a determinant form. By
d(ξa) = 0, it immediately follows that the determinant form is the same as that for the gener-
ating function of the longitudinal spin-spin correlation function 〈σz1σ
z
m+1〉 [7]. Thus utilizing
the method proposed in [7], we arrive at the following proposition.
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Proposition 4.2 In the thermodynamic limit M → ∞, the ground state expectation value
of the generating function exp(βQ1,m) is expressed as
〈exp(βQ1,m)〉 =
m∑
n=0
1
(n!)2
∮
Γ
n∏
j=1
dzj
2pii
∫
C
dnλ
n∏
a=1
m∏
b=1
sh(za − ξb + η) sh(λa − ξb)
sh(za − ξb) sh(λa − ξb + η)
×Wn({λ}|{z})detn[M˜jk({λ}|{z})]detn[ρ(λj , zk)], (4.12)
where
Wn({λ}|{z}) =
n∏
a=1
n∏
b=1
sh(λa − zb + η) sh(zb − λa + η)
sh(λa − λb + η) sh(za − zb + η)
, (4.13)
and
M˜jk({λ}|{z}) = t(zk, λj) + e
βt(λj , zk)
n∏
a=1
sh(λa − λj + η) sh(λj − za + η)
sh(λj − λa + η) sh(za − λj + η)
. (4.14)
The contour C depends on the regime and the magnitude of the chemical potential, while Γ
encircles {ξj}
m
j=1 and does not contain any other singularities. In the above expression, the
homogeneous limit ξj = η/2 can be taken trivially. In this case, Γ surrounds the point η/2.
Note that here to replace the sums over the partition of the set {ξ} with the set of contour
integrals around {ξ}, we have used the following relation:
∑
{ξ}={ξ+}∪{ξ−}
|ξ+|=n
n∏
a=1
m−n∏
b=1
f(ξ+a , ξ
−
b )F({ξ
+})
=
1
n!
∮
Γ
n∏
j=1
dzj
2pii
n∏
a=1
m∏
b=1
f(za, ξb)
∏n
a=1
∏n
b=1
b6=a
sh(za − zb)∏n
a=1
∏n
b=1 sh(za − zb + η)
F({z}), (4.15)
where F({z}) is assumed to be a symmetric function of n variables {z}, and to be analytic
in the vicinities of zj = ξk. As for the sum over the partition of the Bethe roots {λ} (2.16)
characterizing the ground state, we have used the following relation, which is valid in the
thermodynamic limit:
lim
M→∞
1
Mn
∑
{λ}={λ+}∪{λ−}
|λ+|=n
F({λ+}) =
1
n!
∫
C
dnλ
n∏
j=1
[ρtot(λj , {ξ})]F({λ}), (4.16)
where F({λ}) is assumed to be a symmetric function of n variables {λ}, and to be zero when
any two of its variables are the same.
The multiple integral (4.12) representing the generating function of the density-density
correlation function is exactly the same as that for the longitudinal spin-spin correlation
function [7]. The density-density correlation function 〈n1nm+1〉 can be obtained by taking
the derivative with respect to β and m as in (4.3).
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As for the generating function 〈exp(βQ1,m)nm+1〉 in (4.4), the numerator can be written
as 〈ψg|
∏m
a=1(A− e
βD)(ξa)D(ξm+1)|ψg〉/
∏m
a=1 τ(ξa). Applying Corollary 4.1, and then using
the second relation in (3.3), one can obtain a determinant form of the generating function. By
the same method as in the derivation of (4.12), the following multiple integral representing
〈exp(βQ1,m)nm+1〉 can be derived in the thermodynamic limit.
Proposition 4.3 The ground state expectation value of the operator 〈exp(βQ1,m)nm+1〉 in
the thermodynamic limit is written as
〈exp(βQ1,m)nm+1〉 =
m∑
n=0
1
(n!)2
∮
Γ
n∏
j=1
dzj
2pii
∫
C
dn+1λ
n∏
a=1
m∏
b=1
sh(za − ξb + η) sh(λa − ξb)
sh(za − ξb) sh(λa − ξb + η)
×
n∏
a=1
sh(λa − ξm+1)
sh(za − ξm+1)
n∏
a=1
sh(λn+1 − za + η)
sh(λn+1 − λa + η)
Wn({λ}|{z})
× detn[M˜jk({λ}|{z})]detn+1[ρ(λj , zk), . . . , ρ(λj , zn), ρ(λj , ξm+1)]. (4.17)
Here the integration contours C and Γ are taken as in Proposition 4.2. In this representation,
the homogeneous limit ξj = η/2 can be trivially taken.
Note that the above expression agrees with that for 〈exp(βQ1,m(1−σ
z
m+1)/2)〉 [7], as expected.
Finally we would like to consider the equal-time one particle Green’s function 〈c1c
†
m+1〉
(4.1). Because the operators B and C enter into the numerator in (4.1), the computation
is more complicated than that for the generating functions of the density-density correlation
function. Nevertheless, applying Proposition 4.1 and then utilizing the third relation in (3.3),
one finds the method used above is still applicable for the evaluation of 〈c1c
†
m+1〉.
Proposition 4.4 The equal-time one-particle Green’s function 〈c1c
†
m+1〉 in the thermody-
namic limit can be represented as a multiple integral as
〈c1c
†
m+1〉 = −
m−1∑
n=0
1
n!(n+ 1)!
∮
Γ
n+1∏
j=1
dzj
2pii
∫
C
dn+1λ
∫
eC
dλn+2
∏n+1
a=1
∏m
b=1 sh(za − ξb + η)∏n+1
a=1
∏m+1
b=2 sh(za − ξb)
×
∏n
a=1
∏m+1
b=2 sh(λa − ξb)∏n
a=1
∏m
b=1 sh(λa − ξb + η)
∏n+1
a=1 [sh(λn+1 − za + η) sh(λn+2 − za − η)]∏n
a=1[sh(λn+1 − λa + η) sh(λn+2 − λa − η)]
×
Ŵn({λ}|{z})
sh(λn+1 − λn+2 + η)
detn+1M̂jkdetn+2[ρ(λj , z1), . . . , ρ(λj , zn+1), ρ(λj , ξm+1)], (4.18)
where the function Ŵn({λ}|{z}) and the (n+ 1)× (n+ 1) matrix are respectively defined as
Ŵn({λ}|{z}) =
∏n
a=1
∏n+1
b=1 sh(λa − zb + η) sh(zb − λa + η)∏n
a=1
∏n
b=1 sh(λa − λb + η)
∏n+1
a=1
∏n+1
b=1 sh(za − zb + η)
, (4.19)
and
M̂jk =
{
t(zk, λj) + t(λj , zk)
∏n
a=1
sh(λa−λj+η)
sh(λj−λa+η)
∏n+1
b=1
sh(λj−zb+η)
sh(zb−λj+η)
for j ≤ n
t(zk, ξ1) for j = n+ 1
. (4.20)
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Figure 1: The integration contours C and C˜ for −1 < ∆ ≤ 1 (a) and for ∆ > 1 (b). The
contour −C∪C˜ encircles the singularities {ξj}
m
j=1 and does not contain any other singularities.
The integration contour C for the variables {λj}
n+1
j=1 is taken as in Proposition 4.2, while
the contour C˜ for λn+2 should be taken such that the contour −C ∪ C˜ surrounds the points
λn+2 = z1, . . . , zn+1, ξm+1 which are simple poles of ρ(λn+2, zk) and ρ(λn+2, ξm+1), and does
not contain any other singularities. The homogeneous limit ξj → η/2 can be taken trivially
in the above expression. Correspondingly the contours Γ and −C ∪ C˜ encircle the point η/2.
In figure 1, typical examples of the integration contour C˜ are depicted both for the regimes
−1 < ∆ ≤ 1 and ∆ > 1. Recalling that the Fermi point Λµc at zero chemical potential
(µc = 0) is Λµc = ∞ for −1 < ∆ ≤ 1 and Λµc = −pii/2 for ∆ > 1 (see section 2), one finds
that the contributions from the right and left edges of C˜ disappear for −1 < ∆ ≤ 1, and those
from the upper and the lower edges cancel each other for ∆ > 1. Using this together with
the relation ρ(λ+ η, z) = −ρ(λ, z) which is valid only for µc = 0, one arrives at the following
representation.
Corollary 4.2 The equal-time one-particle Green’s function for the homogeneous case at
zero chemical potential can be expressed as
〈c1c
†
m+1〉 =
m−1∑
n=0
1
n!(n+ 1)!
∮
Γ
n+1∏
j=1
dzj
2pii
∫
C
dn+2λ
n+1∏
a=1
(
sh(za +
η
2 )
sh(za −
η
2 )
)m
×
n+1∏
a=1
(
sh(λa −
η
2 )
sh(λa +
η
2 )
)m ∏n+1
a=1 [sh(λn+1 − za + η) sh(λn+2 − za)]∏n
a=1[sh(λn+1 − λa + η) sh(λn+2 − λa)]
×
Ŵn({λ}|{z})
sh(λn+1 − λn+2)
detn+1M̂jkdetn+2[ρ(λj , z1), . . . , ρ(λj , zn+1), ρ(λj ,
η
2
)], (4.21)
where M̂jk is defined as (4.20) for j ≤ n and M̂jk = t(zk,
η
2 ) for j = n+ 1.
Compared with the transverse spin-spin correlation function 〈σ+1 σ
−
m+1〉 in [7]
3, one finds the
sign in front of the second term of M̂jk for j ≤ n changes.
3There exists a typo in equation (6.13) in [7] for the transverse spin-spin correlation function 〈σ+1 σ
−
m+1〉.
It should be corrected by multiplying by −1.
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5 Free fermion model
Using the multiple integral representations derived in the preceding section, we reproduce
the exact expressions of correlation functions for the free fermion model.
Let us consider the density-density correlation function 〈n1nm+1〉 first. As mentioned
before, the generating functions 〈exp(βQ1,m)〉 (4.12) for 〈n1nm+1〉 is the same as that for
the spin-spin correlation functions 〈σz1σ
z
m+1〉 for the XXZ chain. Hence the same method
described in [19] can be applied to derive the exact expression of 〈n1nm+1〉. Here we derive
it by using (4.17) and (4.4). Set η = −pii/2. Then M˜jk (4.14) in (4.17) is factorized as
M˜jk = 2(e
β − 1)/ sh(2(λj − zk)), which significantly simplifies the integral representation.
After taking the derivative of (4.17) with respect to β and setting β = 0, one finds all the
terms except for n = 1 vanish. Substituting ρ(λ, z) = i/(pi sh(2(λ−z)), and taking the lattice
derivative, one obtains
〈n1nm+1〉 =
i
2pi3
∮
Γ
dz
∫
C
d2λ
sh(λ1 − λ2)ϕ
m(z)ϕ−m(λ1)
sh(λ1 − z) sh(λ2 − z) ch(2λ1) ch(2λ2)
, (5.1)
where
ϕ(λ) =
sh(λ− pi4 i)
sh(λ+ pi4 i)
. (5.2)
The integral on Γ can be evaluated by considering the residues outside the contour Γ i.e. at
the points z = λ1 and λ2. It immediately follows that
〈n1nm+1〉 =
1
pi2
∫
C
d2λ
1− ϕm(λ2)ϕ
−m(λ1)
ch(2λ1) ch(2λ2)
. (5.3)
Changing the variables ch(2λ) = −1/ cos k (k ∈ [kF, 2pi − kF]), where kF ∈ [pi/2, pi] is the
Fermi momentum determined by cos kF = −1/ ch Λµc (see section 2), and identifying dλ =
−dk/(2 cos k), one arrives at
〈n1nm+1〉 =
1
4pi2
∫ 2pi−kF
kF
dk1
∫ 2pi−kF
kF
dk2(1− e
−im(k1−k2))
= 〈nj〉
2 −
1− cos(2kFm)
2pi2m2
kF ∈ [
pi
2
, pi], (5.4)
where 〈nj〉 = 1 − kF/pi is the particle density given by (2.23). This expression agrees with
the well-known result. At zero chemical potential µc = 0, where the Fermi momentum
corresponds to kF = pi/2, one finds
〈n1nm+1〉 =
1
4
−
1− (−1)m
2pi2m2
. (5.5)
Next let us discuss the one-particle Green’s function 〈c1c
†
m+1〉 (4.18). Since Mjk = 0 for
j ≤ n, only the term corresponding to n = 0 survives in (4.18). Namely
〈c1c
†
m+1〉 =
1
2pi3
∮
Γ
dz
∫
C
dλ1
∫
eC
dλ2
ch(λ1 − z) ch(λ2 − z)
sh(z + pi4 i) sh(z −
pi
4 i)
ϕm(z)
ch(λ1 − λ2)
×
[
1
sh(2(λ1 − z)) sh(2(λ2 +
pi
4 i))
−
1
sh(2(λ2 − z)) sh(2(λ1 +
pi
4 i))
]
. (5.6)
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To evaluate the above integral explicitly, we shift the λ2-contour C˜ to C. Since the integrand
is antisymmetric with respect to the exchange of λ1 and λ2, the resulting integral vanishes:
we only have to take into account the poles surrounded by the λ2-contour −C ∪ C˜ i.e. λ2 =
−pii/4, z. After evaluating the integral with respect to z by the method used in the calculation
for the density-density correlation function, one has
〈c1c
†
m+1〉 =
−1
2pi
∫
C
dλ
ϕm(λ)
sh(λ+ pi4 i) sh(λ−
pi
4 i)
. (5.7)
Changing the variables as explained before, one finally obtains
〈c1c
†
m+1〉 =
−1
2pi
∫ 2pi−kF
kF
dkeimk =
sin(kFm)
pim
kF ∈ [
pi
2
, pi]. (5.8)
This also coincides with the well-known result. In particular at zero chemical potential µc = 0
(kF = pi/2), one sees
〈c1c
†
m+1〉 = −(−1)
m sin(
pi
2m)
pim
. (5.9)
6 Summary and discussion
In this paper, correlation functions for the spinless fermion model have been discussed by
using the fermionic R-operator and the algebraic Bethe ansatz. Applying solutions of the
inverse scattering problem, we derived determinant representations for form factors of local
fermion operators. In addition, multiple integrals representing the density-density correlation
function and the equal-time one-particle Green’s function were obtained both for arbitrary
interaction strengths and particle densities. In particular for the free fermion model, these
formulae reduce to the known exact results.
Before closing this paper, we would like to remark possible generalizations of our formulae.
A generalization to the finite temperature case is of importance. In fact, the quantum transfer
matrix, which is a powerful tool for study of finite-temperature properties for strongly cor-
related systems in one-dimension, has already been provided for the spinless fermion model
[20]. Because the algebraic relations among the elements of monodromy operators in the
quantum transfer matrix approach are completely the same as (2.12), the relations derived
in this paper are applicable without essential changes.
It will also be very interesting to compute the spectral function for the spinless fermion
model. Considering several excited states and inserting the corresponding Bethe roots into
the determinant representations for the form factors (3.12) and the scalar product (3.5), one
can explicitly compute the spectral function for a finite system. The method developed in
the study of the dynamical structure factors for the XXZ chain (see [21–26] for example)
will also be useful in computations of the spectral function of the spinless fermion model.
Comparison with the arguments in [27] is also interesting.
Acknowledgments
The authors would like to thank H. Boos, F. Go¨hmann, A. Klu¨mper and M. Shiroishi for
fruitful discussions. This work is partially supported by Grants-in-Aid for Young Scientists
17
(B) No. 17740248, Scientific Research (B) No. 18340112 and (C) No. 18540341 from the
Ministry of Education, Culture, Sports, Science and Technology of Japan.
References
[1] V.E. Korepin, N.M. Bogoliubov and A.G. Izergin, Quantum Inverse Scattering Method
and Correlation Functions (Cambridge University Press, Cambridge, 1993).
[2] M. Takahashi, Thermodynamics of One-Dimensional Solvable Models (Cambridge Uni-
versity Press, Cambridge, 1999).
[3] M. Jimbo, K. Miki, T. Miwa, and A. Nakayashiki, Phys. Lett. A 168 (1992) 256.
[4] M. Jimbo and T. Miwa, Algebraic Analysis of Solvable Lattice Models, (American Math-
ematical Society, Providence, RI, 1995).
[5] M. Jimbo and T. Miwa, J. Phys. A 29 (1996) 2923.
[6] N. Kitanine, J.M. Maillet and V. Terras, Nucl. Phys. B 567 (2000) 554.
[7] N. Kitanine, J.M. Maillet, N.A. Slavnov and V. Terras, Nucl. Phys. B 641 (2002) 487.
[8] N. Kitanine, J.M. Maillet, N.A. Slavnov and V. Terras, Nucl. Phys. B 712 (2005) 600.
[9] N. Kitanine, J.M. Maillet, N. A. Slavnov and V. Terras, hep-th/0505006.
[10] N. Kitanine, J.M. Maillet, N.A. Slavnov and V. Terras, Nucl. Phys. B 729 (2005) 558.
[11] F. Go¨hmann, A. Klu¨mper and A. Seel, J. Phys. A 37 (2004) 7625.
[12] F. Go¨hmann, A. Klu¨mper and A. Seel, J. Phys. A 38 (2005) 1833.
[13] F. Go¨hmann and N. P. Hasenclever and A. Seel, J. Stat. Mech. 0510 (2005) P10015.
[14] K. Sakai, J. Phys. A 40 (2007) 7523.
[15] Y. Umeno, M. Shiroishi and M. Wadati, J. Phys. Soc. Jpn. 67 (1998) 1930.
[16] F. Go¨hmann and V.E. Korepin, J. Phys. A 33 (2000) 1199.
[17] N.A. Slavnov, Theor. Math. Phis. 79 (1989) 1605.
[18] N. Kitanine, J.M. Maillet, V. Terras, Nucl. Phys. B 554 (1999) 647.
[19] N. Kitanine, J.M. Maillet, N.A. Slavnov and V. Terras, Nucl. Phys. B 642 (2002) 433.
[20] K. Sakai, M. Shiroishi, J. Suzuki and Y. Umeno, Phys. Rev. B 60 (1999) 5186.
[21] D. Biegel, M. Karbach and G. Mu¨ller, Europhys. Lett. 59 (2002) 882.
[22] J. Sato and M. Shiroishi and M. Takahashi, J. Phys. Soc. Jpn. 73 (2004) 3008.
[23] J.-S. Caux, R. Hagemans, J.-M. Maillet, J. Stat. Mech. (2005) P09003.
18
[24] J.-S. Caux and J. M. Maillet, Phys. Rev. Lett. 95 (2005) 077201.
[25] R. G. Pereira, J. Sirker, J.-S. Caux, R. Hagemans, J. M. Maillet, S. R. White, I. Affleck,
Phys. Rev. Lett. 96 (2006) 257202.
[26] J.-S. Caux and R. Hagemans, J. Stat. Mech. 0612 (2006) P12013.
[27] M. Khodas, M. Pustilnik, A. Kamenev, L.I. Glazman, Phys. Rev. B 76 (2007) 155402.
19
